Single molecules are promising candidates of building blocks for future electronics due to their ultimate size and unique properties. Diode is the basic and simplest device in electronics. Early approaches for a single molecule diode were mostly inspired by the donor-acceptor configuration proposed by Aviram and Ratner. 1 This approach relies on the concept of asymmetric charge flow as a consequence of asymmetric intramolecular charge distribution. Thanks to the quantum mechanics nature of molecules, discrete energy levels located asymmetrically with respect to the Fermi level are expected to be employed to make single molecule diodes, for example, a C 59 N molecule in a double-barrier tunneling junction (DBTJ).
2 However, this method relies on delicate design of a DBTJ in which the molecule-electrode distances have to be accurately controlled. In general, single molecule diodes are yet only reported in very few systems so far.
3-5 It needs to develop facile and reliable methods to extend the ability of designing single molecule rectifiers.
In single molecule junctions, their electron transport properties are greatly impacted by the molecule-electrode interaction, such as charge transfer and orbital hybridization. To make reliable molecular devices by employing the intrinsic properties of the molecule, one would like to minimize the molecule-electrode orbital hybridization and enhance the electron transmitting rate. 6 However, these two factors are usually conflicting, for example, a conventional good orbital isolator (i.e., dielectric thin oxide films) will essentially forbid charge transfer. In this letter, we demonstrate a simple approach to design CoPc-based single molecule rectifier with the aid of unique properties of monolayer graphene (MG). Single molecules like CoPc have asymmetric local density of states (LDOS) with respect to the Fermi level, which can be employed to induce a rectifying effect in principle. However, CoPc molecules deposited directly on the substrate will interact strongly with bare Ru(0001) surface, leading to a greatly disturbed LDOS of the adsorbed molecules which eliminate the rectifying effect. In our scanning tunneling microscopy (STM) experiments, CoPc molecules behave as rectifiers in their tunneling spectra when a MG is intercalated between CoPc molecules and Ru(0001) surface. Density functional theory (DFT) simulations show that CoPc molecule couples with Ru(0001) substrate mainly through the d z 2 orbital of central Co atom while the Pc rings in CoPc molecule can be effectively decoupled with Ru(0001) surface due to the presence of MG. The asymmetric d z 2 LDOS with respect to the E F leads to sharp resonant tunneling at the onset of orbital energy levels (À0.35 eV), which definitively causes the strong rectifying effect.
All the experiments were performed in an ultrahigh vacuum (UHV), low temperature STM (Omicron Nanotechnology) with a base pressure in the 10 À11 mbar range. The Ru (0001) crystal (purity 99.99%, Mateck GmbH) was cleaned by cycles of Arþ sputtering (1000 eV) at room temperature and flash annealing to 1120 K. MG was synthesized by thermal decomposition of ethylene molecules on the Ru(0001) substrate heated to 1000 K. 7 CoPc molecules (purity 99.9%), purchased from Han Feng Chemicals, were thermally evaporated to the MG and clean Ru(0001) surface in an UHV chamber while the substrates were hold at room temperature. All the measurements were performed at 78 K, with an electrochemically etched tungsten tip which was subjected to Arþ sputtering prior to all measurements. I-V curves and dI/dV curves were obtained simultaneously with the feedback loop off. dI/dV versus sample bias (V) was recorded by superimposing a small sinusoidal modulation (4 mV) to the sample bias voltage, then detected the first-harmonic signal of the current through a lock-in amplifier (Stanford Research SR830). All the STM images in this work were recorded in a constantcurrent mode.
Submonolayer CoPc molecules were deposited on a bare Ru(0001) surface showing individual CoPc molecules ( Fig. 1(a) ). In contrast to C 4 symmetry of CoPc in freestanding state and on less-reactive substrate like Au, 8 Ag, 9 and a)
Authors to whom correspondence should be addressed. 10 CoPc on Ru(0001) show a reduced pseudo C 2 symmetry in the topographic STM images due to the strong molecule-substrate interaction, see inset of Fig. 1(a) , similar to CoPc on Cu surfaces. [11] [12] [13] [14] Besides this greatly changed apparent topography, the CoPc-Ru(0001) interaction also contributes a lot to the transport property of the CoPc molecules. Fig. 1(b) shows the I-V curves measured on the Co atom and Pc ring in CoPc/Ru(0001) as well as the I-V taken on the bare Ru(0001) surface. It is clear that they all display nearly linear behavior near the Fermi level. The corresponding dI/dV spectra of Co atom are plotted in the inset of Fig.  1(b) , which shows a nearly flat shape without sharp feature.
However, this situation changes dramatically when a MG was intercalated between CoPc molecules and Ru(0001) substrate. The geometric and electronic properties of this MG-covered Ru(0001) surface have been extensively studied and described elsewhere. 7 The local barriers of the buckled MG/Ru(0001) surface have been demonstrated to be good template for molecule-adsorption. [15] [16] [17] Fig. 1(c) shows the observed STM images of submonolayer CoPc deposited on a MG-covered Ru(0001) surface. We found that all CoPc molecules are located on the fcc and hcp regions, no CoPc molecules are located on the atop regions at this low coverage. Differed from mostly individual CoPc molecules on bare Ru(0001), most CoPc molecules on MG/Ru(0001) are attached to other molecules, individual CoPc molecules are few but still findable. The inset of Fig. 1(c) shows a highresolution STM image of an individual CoPc on MG/ Ru(0001) surface with C 4 symmetry, indicating a weak molecule-substrate interaction. Fig. 1(d) presents the I-V curves measured on Co atom and Pc ring of CoPc on MG/ Ru(0001), as well as the I-V spectra taken on the high and low regions (labeled with MG-H and MG-L, respectively) in one unit cell of the moir e pattern of MG/Ru(0001). Clearly, only the I-V curve taken on Co atom of CoPc adsorbing on MG/Ru(0001) displays significant rectifying effect, which differs a lot from those of on bare Ru (0001) surface. A sudden current enhancement by a factor of more than 20 appears at around À0.3 V sample bias. This results in a sharp peak in the measured dI/dV spectra of Co atom, as shown in the inset of Fig. 1(d) .
To get a comprehensive understanding to the rise of the prominent rectifying effect in CoPc on MG/Ru(0001) and the featureless I-V curves of CoPc on Ru(0001) surface, we performed careful DFT calculations about the electronic structures of a CoPc molecule adsorbing on Ru(0001) and MG/Ru(0001) substrates. Our first-principles simulations were carried out by using DFT method implemented in the Vienna ab-initio simulation package (VASP) with van der Waals corrections. [18] [19] [20] [21] [22] [23] Figs. 2(a) and 2(b) show the top and side views of the optimized CoPc/Ru(0001) adsorption system, respectively. The relative short vertical distance between CoPc and Ru(0001) surface (2.33 Å ) leads to the strong CoPc-substrate interaction. The calculated partial density of states (PDOS) of Co d-orbitals in CoPc is shown in Fig. 2(c) . As expected, Ru(0001) is a relatively reactive surface, the discrete orbitals of CoPc molecules hybridize strongly with the Ru surface atoms upon adsorption. This strong hybridization of Co atom and Ru(0001) results in broadly distributed PDOS of the Co d orbitals, especially the d z 2 orbitals, as shown with the filled red curve in Fig. 2(c) . Clearly, the Co-d z 2 PDOS distributes extensively in a large Fig. 1(b) . Similar to previous studies of CoPc on different metallic surfaces, 8, 12 no strong rectifying effect appears in the measured I-V curves for CoPc/ Ru(0001) due to the strong molecule-substrate interaction.
Figs. 2(d) and 2(e) show the top and side views of CoPc on MG/Ru(0001) surface, respectively. The averaged vertical distance between CoPc and MG/Ru(0001) surface is predicted to be 3.13 Å , which results in the weak moleculesubstrate interaction. Contrary to CoPc on Ru(0001) surface, the PDOS of Co d-orbitals in CoPc molecule on MG/ Ru(0001) shows still discrete energy levels, leading to the sharp PDOS peaks for the m ¼ 0, 1(À1), and 2(À2) states (corresponding to d z 2 ; d xzðyzÞ , and d x 2 Ày 2 ðxyÞ , respectively) of Co d electrons, as shown in Fig. 2(f) . The Co-d z 2 PDOS manifests as a single peak concentrated in a narrow window around À0.35 eV. This feature is close to the main feature of the dI/dV spectra of Co in CoPc molecule on MG/Ru(0001) surface, as shown in inset of Fig. 1(d) .
To have a direct view of how CoPc molecule interacting with different substrates, we illustrate the charge density difference (CDD) of CoPc on Ru(0001) and MG/Ru (0001) 24 It should be pointed out that the CoPc molecular magnetic moment is completely quenched by the molecule-substrate interaction in the CoPc on Ru(0001) and MG/Ru(0001) adsorption systems, similar to the CoPc/Au(111) case, 8 while the Co atom in a free CoPc molecule has unpaired d electrons and the magnetic moment of the Co atom is about 1.0 Bohr magnetons (l B ).
The currents through Co atom and Pc ring of CoPc molecule on Ru(0001) and MG/Ru(0001) surfaces are calculated with Tersoff-Hamann approximation, 25 and plotted in Figs. 3(a) and 3(b), respectively. It is clear that the simulated I-V results agree very well with the experimental curves as shown in Figs. 1(b) and 1(d) . No significant rectifying effect is observed in the simulated I-V spectra through Co atom and Pc rings in CoPc/Ru(0001). Only the I-V curve through Co atom in CoPc molecule on MG/Ru(0001) surface shows the robust rectifying effect contributed by the Co-d z 2 orbitals. These expected observations are easy to understand. In previous experimental and theoretical investigations, 26 we have demonstrated that the tunneling current is extremely sensitive to the matching of orbital symmetries of both the tip apex and the molecules. In our experiments, we use tungsten tip which was intentionally dipped into an Au(111) surface prior to scanning over the samples. This will, in general, make the tip dominated by s-like orbital near the E F . The electron tunneling probability between orbitals with the different spatial symmetries is extremely small in comparison with that between orbitals of same symmetry. It means that the s, p z , and d z 2 orbitals of the sample give the dominative contribution to the tunneling current, while the contribution from the p xðyÞ ; d xzðyzÞ , and d x 2 Ày 2 ðxyÞ orbitals is small. That is to say, if the tip is placed on top of the Co atom in CoPc molecule on MG/Ru(0001) surface, the electron tunneling probability between tip-s and Co-d z 2 orbitals is extremely large in comparison with that between tip-s and other Co-3d orbitals.
In summary, we have demonstrated a single molecule rectifier by simply intercalating MG between CoPc molecules and Ru(0001) surface. We revealed that when CoPc molecules adsorb on MG/Ru(0001) surface, CoPc molecule couples with Ru(0001) substrate mainly through the d z 2 orbital of Co atom, and the Pc rings in CoPc molecule can be effectively decoupled with Ru(0001) surface by intercalating of MG. The d z 2 orbital locating at À0.35 eV provides a good transport channel between CoPc molecule and MG/Ru(0001) surface. It results in the prominent rectifying effect in the measured I-V curve. Clearly, our findings will be helpful to previously unavailable construction of functional single molecule devices on reactive substrates, and render the potential applications of graphene in molecular electronics. 
